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We describe an approach to ion implantation in which the plasma and its electronics are held at
ground potential and the ion beam is injected into a space held at high negative potential, allowing
considerable savings both economically and technologically. We used an “inverted ion implanter”
of this kind to carry out implantation of gold into alumina, with Au ion energy 40 keV and dose
(3–9) × 1016 cm−2. Resistivity was measured in situ as a function of dose and compared with pre-
dictions of a model based on percolation theory, in which electron transport in the composite is
explained by conduction through a random resistor network formed by Au nanoparticles. Excellent
agreement is found between the experimental results and the theory. © 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4824755]
I. INTRODUCTION
Energetic ion beams are usually formed by accelerating
ions from a plasma held at high positive potential into a space
at ground potential, with the ion energy determined by the po-
tential drop through which the ions fall in the beam formation
electrode system, Ei = eQVext, where Ei is the final ion energy,
e the electron charge, Q the ion charge state, and Vext the ex-
tractor voltage drop. An ion implantation system in which the
ion source and its electronics could be maintained at ground
potential would provide technological and economic advan-
tage. This can be done by maintaining the final grid and the
space into which the ion beam is injected at high negative
potential. In this case the extractor voltage drop remains high
and so also the ion energy, but with the potential profile falling
from ground to high negative voltage rather than from high
positive voltage to ground. For much laboratory ion implan-
tation, this arrangement offers savings in simplicity and cost
that may more than offset the inconvenience of having the tar-
get at high voltage. Since the overall device potential profile
is the inverse of that usually employed, we call the device an
“inverted ion implanter.”
We have used our inverted ion implantation facility to
explore the surface electrical conductivity of alumina ce-
ramic implanted with gold ions. (We used gold to avoid any
uncertainty due to possible oxidation of implanted metal.)
Metal ion implanted ceramics are of interest from a fun-
damental perspective as well as for their applications. An
important application of such implanted ceramics is for high-
a)Contributed paper, published as part of the Proceedings of the 15th Interna-
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voltage insulators with uniform and designer-determined sur-
face resistivity.1–6 In prior work Ti and Pt have been used,
with implantation dose typically in the mid 1016 ions/cm2
range. High voltage accelerator columns3, 4 and the support
rods for electrostatic focusing lenses in single-ion devices6
have been treated in this way and the results have been highly
successful. In these applications, the aim is to bleed off sur-
face charge accumulation, or, said differently, to grade the
voltage drop along the component in a uniform and control-
lable way. Although the approach has met with considerable
success, theoretical understanding of the phenomena involved
has been lacking.
Here we elaborate on two related topics:
 The inverted ion source, and inverted ion implantation,
approach.
 The application of this approach for investigation of
the surface resistivity of gold-implanted alumina.
We show that the inverted ion source provides an excel-
lent means for carrying out ion implantation, and that the
implantation-induced surface resistivity phenomenon can be
described by a model based on percolation theory.
II. EXPERIMENTAL SETUP
In the inverted ion implanter embodiment used here we
made use of a vacuum arc to generate metal plasma.7–9
Gold plasma was formed using a repetitively pulsed, vac-
uum arc plasma gun with gold cathode, and injected into a
bent-solenoid magnetic filter to remove cathode debris from
the plasma stream. This plasma facility has been described
previously.10, 11 The plasma was directed toward the entrance
of the negatively biased implantation chamber. Ion extraction
voltage was 20 kV. Ion beam current was monitored by a
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FIG. 1. Schematic of the inverted ion implanter with filtered vacuum arc
plasma gun, showing also the on-axis potential profile.
magnetically suppressed Faraday cup, allowing estimation of
the implanted dose from the cup current and the number of
pulses. The vacuum arc plasma contains multiply stripped ion
species.12, 13 For a gold plasma the charge state distribution is
Au+:Au2+:Au3+ = 14:75:11 (% particle fraction) for a mean
charge state Q = 2.0. Thus, the mean gold ion energy (keV)
is twice the extraction voltage (kV) − an implantation energy
of 40 keV. A schematic of the set up is shown in Fig. 1, and
the implantation chamber in Fig. 2.
The advantage of the inverted ion implanter approach as
opposed to the conventional approach lies in the great savings
in complexity and cost. Figure 3 shows a photograph of the
inverted implanter on the bench. The compactness and sim-
plicity of the hardware are evident. The inverted ion source
has been described in detail elsewhere,14 as also its applica-
tion as an ion implanter.15
FIG. 2. The beam formation and ion implantation device, showing the ex-
tractor grids, outer (ground) chamber and inner (high negative potential)
chamber, target holder, and Faraday cup.
FIG. 3. The inverted ion implanter at the Thin Films Laboratory, University
of Sao Paulo.
A small alumina sample was positioned near the entrance
aperture to the Faraday cup, but not completely covering it,
allowing the ion current and thus the implantation dose to
be monitored. The surface resistance of the implanted sample
was measured in situ as the implantation proceeded. For this
purpose, electrical contacts were formed at both ends of the
substrate with silver paint, and well-insulated leads brought
from these contacts to outside the vacuum chamber. After a
certain number of pulses of known ion current density, pro-
viding a calculable implantation dose, the implantation pro-
cess was temporarily halted and the resistance of the sam-
ple measured; then the implantation was allowed to proceed,
and so on, leading to data of resistance vs. dose. Transmission
electron microscopy (TEM) was performed to visualize the
gold nanoparticles that self-agglomerate within the alumina16
using a TecnaiTM G2 F20 system.
III. RESULTS
The gold implantation depth profile was calculated us-
ing the TRIDYN program,17, 18 indicating that the gold distri-
bution peaks at a depth below the alumina surface of about
20 nm for 40 keV and doses 2.5 × 1016 cm−2 and
1 × 1017 cm−2. It is known19 that metal atom concen-
tration above the solubility limit leads to nucleation and
growth of metal nanoparticles within the sample. The TEM
results provide evidence for gold nanoparticle formation,
clearly showing nanoparticles with mean diameter 3.2 nm.16
A metal/insulator composite layer has been formed.
Electron conduction in disordered media (nanocompos-
ites) can be treated by an “effective medium theory” devel-
oped by Kirkpatrick,20, 21 in which the system is considered
as a random resistor network. The electrical conductivity σ of
the composite is then given by20
σ/σ0 = [(zx/2 − 1)σ1 + [z(1 − x)/2 − 1]σ2]/(z − 2)
+ [{(zx/2 − 1)σ1 + [z(1 − x)/2 − 1]σ2}2
+ 2(z − 2)σ1σ2]1/2/(z − 2),
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FIG. 4. Measured conductivity vs. implantation dose for Au-implanted alu-
mina (two independent runs, shown as circles and squares). The solid line is
the theoretical prediction.
where σ 0 is the saturation conductivity for which the material
still remains a composite, z is the number of bonds at each
node of the network, σ 1 is the conductivity of the conducting
material, σ 2 is the conductivity of the insulating material, and
x = ϕ/ϕ0 is the normalized metal atom concentration, where
ϕ is the implantation dose and ϕ0 is the saturation dose (the
maximum dose for which the material still remains a compos-
ite); for doses greater than ϕ0, a metal film is deposited on the
insulator surface and the material takes on the characteristics
of a thin metal film.
Figure 4 shows the theoretical calculation as a contin-
uous curve and the experimental results as squares and cir-
cles (two separate samples, indicating the reproducibility of
the results). The model describes the experimental resistiv-
ity results very nicely. The saturation conductivity, σ 0, and
the maximum dose, ϕ0, for which the Au/alumina system re-
mains an insulator/conductor composite, were 14 S/m and 9.5
× 1016 cm−2, respectively; and the percolation dose ϕc
(the critical concentration below which the composite has
the same conductivity as the insulating host material) was
4.4 × 1016 cm−2.
IV. CONCLUSION
The inverted ion source and its application as an inverted
ion implanter described here provide technological simplic-
ity and economic savings to the challenge of setting up an
ion implantation research facility. We have demonstrated the
value of the approach as a research tool by carrying out gold
ion implantation into alumina, at an ion energy of 40 keV and
implantation dose up to the high 1016 cm−2.
The surface resistivity of gold-implanted alumina was
measured in situ as a function of implantation dose and the
results compared to a theory based on percolation − conduc-
tion within the random resistor network formed by a buried
layer of gold nanoparticles within the alumina − an excellent
agreement was found. Percolation provides a good model for
the mechanism of conductivity in metal ion implanted ceram-
ics. A more comprehensive paper, describing both the detailed
experimental results and the percolation theory to which the
results are compared, has been published.16
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